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Cation–π interactionEpicatechin gallate (ECg), a green tea polyphenol, has various physiological effects. Our previous nuclear
Overhauser effect spectroscopy (NOESY) studyusing solutionNMR spectroscopydemonstrated that ECg strongly
interacts with the surface of phospholipid bilayers. However, the dynamic behavior of ECg in the phospholipid
bilayers has not been clariﬁed, especially the dynamics and molecular arrangement of the galloyl moiety, which
supposedly has an important interactive role. In this study, we synthesized [13C]-ECg, in which the carbonyl
carbon of the galloyl moiety was labeled by 13C isotope, and analyzed it by solid-state NMR spectroscopy. Solid-
state 31P NMR analysis indicated that ECg changes the gel-to-liquid-crystalline phase transition temperature of
DMPC bilayers as well as the dynamics and mobility of the phospholipids. In the solid-state 13C NMR analysis
under static conditions, the carbonyl carbon signal of the [13C]-ECg exhibited an axially symmetric powder
pattern. This indicates that the ECgmolecules rotate about an axis tilting at a constant angle to the bilayer normal.
The accurate intermolecular–interatomic distance between the labeled carbonyl carbon of [13C]-ECg and the
phosphorus of the phospholipid was determined to be 5.3±0.1 Å by 13C–31P rotational echo double resonance
(REDOR) measurements. These results suggest that the galloyl moiety contributes to increasing the
hydrophobicity of catechin molecules, and consequently to high afﬁnity of galloyl-type catechins for
phospholipid membranes, as well as to stabilization of catechin molecules in the phospholipid membranes by
cation–π interaction between the galloyl ring and quaternary amine of the phospholipid head-group.tilamellar vesicles; DMPC, 1,2-
lear Overhauser effect spectros-
, magic angle spinning; REDOR,
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Tea catechins, a category of polyphenols, are contained in the leaves
of Camellia sinensis. Green tea containing a high concentration of
catechins is a popular beverage consumed worldwide. The major
catechins in green tea are (−)-epicatechin (EC), (−)-epigallocatechin
(EGC), (−)-epicatechin gallate (ECg), and (−)-epigallocatechin gallate
(EGCg) (Fig. 1). These catechins have a variety of physiological effects
such as antioxidant activity [1–3], antibacterial effect [4,5], antic-arcinogenesis effect [6,7], antihypercholesterolemia [8], improvement
of hyperglycemia [9], and cutaneous photoprotection fromUV radiation
[10]. These in vitro and in vivo studies have been carried out to evaluate
the valuable effects by which catechins maintain our health and reduce
the risk of lifestyle-related diseases. Although the strength of activity
differs among catechins, gallic acid esters ECg and EGCg generally show
higher activities than EC and EGC, which lack the galloyl moiety. The
interactionof tea catechinswith biologicalmembranes is supposed tobe
necessary to exert these activities. In our previous studies, we clariﬁed
that galloyl-type catechins have high afﬁnity for model biological
membranes. That is, our investigations of the amount of catechin
incorporated into liposomes [11,12], quartz-crystal microbalance [13],
and partition coefﬁcients for phospholipids using HPLC with an
immobilized artiﬁcial membrane column [14] have always produced
the following order of afﬁnity: ECgNEGCgNECNEGC. This order was
closely correlated with the result of their partition coefﬁcients (logP)
measured by the PBS/n-octanol system [11]. Based on these results, the
phospholipophilicity of catechins has been linked to their hydropho-
bicity. Consequently, we concluded that the difference in intensity of
their activity depends not only on their individual potential, but also on
the afﬁnity for phospholipid bilayers. If a catechin molecule has high
Fig. 1. Chemical structures of tea catechins and phospholipid: (−)-epicatechin (EC),
(−)-epigallocatechin (EGC), (−)-epicatechin gallate (ECg), (−)-epigallocatechin
gallate (EGCg), and 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPC).
Fig. 2. Chemical structure of [13C]-ECg.
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membrane-associated proteins or incorporates into the cell is increased,
resulting in exertion of their strong biological activities.
In our previous solution NMR study using isotropic bicelles, we
revealed that catechins interact with the surface of phospholipid
membranes, and the B ring and galloyl moiety of ECg and EGCg are
closely located near the trimethylammonium group (γ position) of
phospholipids (Fig. 1), as determined by NOESY experiments [15].
Furthermore, direct evidence of the molecular interaction between
catechins and phospholipid bilayers using liposomes has been obtained
by solid-state 2H NMR analyses [16,17]. Other research has shown that
EGCg, a galloyl-type catechin, signiﬁcantly binds to the 67-kDa laminin
receptors located on the surface of membranes [18]. These results
prompted us to investigate, in detail, the mechanism of tea catechin
interaction with phospholipid membranes and to elucidate the
molecular arrangement of catechins in phospholipid bilayers. The aim
of this study was to clarify the mechanism of interaction, especially the
change in the dynamic behavior of phospholipid bilayers after
interaction with galloyl-type catechins and the detailed dynamic
proﬁles and location of the galloyl moiety which plays a key role in
this interaction.
Solid-state NMR spectroscopy, a powerful method for elucidating
the dynamic features and detailed local molecular arrangement of
biological molecules [19–24], is a desirable tool for this investigation. It
is noticed that the location and interaction mechanism of small
molecules in phospholipid bilayers and copolymer are reported using
by solid-state NMR spectroscopy [25,26]. In this study, we ﬁrst
synthesized [13C]-ECg (Fig. 2) whose carbonyl carbon of the galloyl
moiety was labeled by the stable isotope (see Supplementary data).
Next, we analyzed the dynamic behavior of [13C]-ECg bound to
multilamellar vesicles (MLVs) composed of 1,2-dimyristoyl-sn-
glycero-3-phosphate (DMPC) (Fig. 1) using solid-state 31P and 13C
spectroscopy. We also investigated the location of the galloyl moiety
in the MLVs by rotational echo double resonance (REDOR) experi-
ments [27]. REDOR is based on the recoupling of the heteronuclear
dipolar interaction and provides the most accurate interatomic
distances. Recently, many studies have employed this technique in the
structural analysis of antibiotics [28], amyloidﬁbers [29,30],membrane-
associated peptides [31–33], and proteins [34,35]. Through REDOR, we
determined the 13C–31P intermolecular–interatomic distance betweenthe carbonyl carbon of the galloyl moiety and phosphorus in the
phospholipid phosphate group.
2. Material and methods
2.1. Materials
DMPC was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL)
and used without further puriﬁcation. [13C]-ECg was obtained by
chemical synthesis in practical yield (see Supplementary data). All other
chemicals were purchased from Kanto Chemicals Co. (Tokyo, Japan).
2.2. Sample preparation for solid-state NMR experiments
To incorporate ECg into MLVs, [13C]-ECg and DMPC, dissolved in
methanol and chloroform, respectively, were combined to be a molar
ratio of [13C]-ECg to DMPC of 1:10. The solvent was subsequently
evaporated in vacuo, followedby removal of the residual organic solvent
under high vacuum. After the ﬁlm was hydrated with Tris–HCl buffer
(20 mM Tris, 100 mM NaCl, and pH 7.0) (hydration ratio: 75% w/v), a
freeze-and-thaw cycle was repeated 15 times. A 5-mm O.D. zirconia
rotor was ﬁlled with the sample in the liquid-crystalline state and
hermetically sealed. Subsequently, the powder sample of MLVs with
[13C]-ECgwasalsoprepared formeasuring theprincipal valuesof the 13C
chemical shift tensor of the 13C labeled carbonyl carbon and the 13C–31P
interatomic distance in the immobile state. To prepare the powder
sample, the hydrated sample was frozen rapidly by inserting into liquid
N2 and lyophilized to retain the structure in the lipid bilayers. The
lyophilized powder samplewas placed in a 5-mmO.D. zirconia rotor for
solid-state NMR measurements.
2.3. Solid-state 31P and 13C NMR spectroscopies
The solid-state 31P and 13CNMRmeasurementswere performedona
Chemagnetics CMX inﬁnity-400 NMR spectrometer operating at the 31P
and 13C resonance frequencies of 161.15 and 100.11 MHz, respectively.
For the solid-state 31P and 13C NMR analyses of the hydrated sample,
free induction decay signals were obtained after 90° pulse excitation
pulses of 5.0 and 5.6 μs duration under the high-power proton
decoupling pulse of 50 and 45 kHz amplitudes with repetition times
of 2 and 4 s, respectively. Before Fourier transformations, Lorentzian line
broadenings of 20 and 30 Hz were applied to the free induction decays
for obtaining 13C NMR spectra under magic-angle spinning (MAS,
spinning frequency of 2 kHz) and static conditions, respectively. To
determine the 13C chemical shift tensors and the interatomic distances,
13C NMR spectra of the lyophilized powder sample were measured at
20 °C using cross-polarization (CP) andMASwith a contact time of 1 ms
and a spinning frequency of 2 kHz under two pulse phase modulation
Fig. 3. Temperature variation in the solid-state 31P NMR spectra of MLVs with [13C]-ECg
in the hydrated dispersion system: (A) 40, (B) 30, (C) 20, and (D) 10 °C. All spectra
were acquired under static conditions.
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tensors of the carbonyl carbons were determined by comparing the
sideband patterns obtained from the CP-MAS experiments with those
from the simulated spectra. The chemical shift values of 31P were
externally referred to 0 ppm for the phosphorus of 85% H3PO4, and 13C
chemical shift valueswerealso externally referred to176.03 ppmfor the
carbonyl carbon of glycine from that for TMS.
2.4. 31P–13C REDOR measurement
The 31P–13C REDOR spectra were measured using a xy-4 irradiation
pulse to compensate for the errors ofﬂip angle, off-resonance effect, and
ﬂuctuation of the RF ﬁeld for 13C nuclei [37]. The lengths of the π pulses
for 13C and 31P nuclei were 12.2 and 8.6 μs for MLVs with [13C]-ECg, and
12.0 and 7.6 μs for MLVs without catechins, with the proton decoupling
amplitudes of 41and42 kHz, respectively, usinga repetition timesof 4 s.
Lorentzian line broadening of 30 Hz was applied to the REDOR-free
induction decay before Fourier transformations. The rotor frequency
was maintained at 4000±2 Hz. REDOR and full-echo spectra were
recordedat variousNcTrvalues from2 to10 ms forMLVswith [13C]-ECg,
and from 2 to 8 ms forMLVswithout catechins, where Nc and Tr are the
rotor cycle and rotor period, respectively. The REDOR differences were
divided by Sfull-echo to evaluated the normalized REDOR factors as given
by
ΔS = S0 = Sfullecho−SREDORð Þ= Sfullecho ð1Þ
where SREDOR and Sfull-echo are the peak intensities of REDOR and full-
echo spectra, respectively. These REDOR factorswere plottedagainst the
NcTr values to ﬁt theoretically obtained curves in order to determine
the 31P–13C interatomic distances.
3. Results and discussion
3.1. Measurements of solid-state 31P NMR spectra
In this study, we adopted the DMPC MLVs system as model
phospholipid membranes for the following reasons: (1) DMPC is
chemically stable and generally used for NMR studies because of a
representative saturated phospholipid in plasma membranes, (2) the
gel-to-liquid-crystalline phase transition temperature (Tm) of DMPC is
24 °C [38] so that the phase transition for NMR measurements is easily
handled, (3) our previous studies have shown that tea catechins have
high afﬁnity for phosphatidylcholine bilayers by comparison with
binary lipid systems composed of phosphatidylserine or dicetyl
phosphate, and (4) we have reported the interacting site between tea
catechins and isotropic bicelles composed of DMPC and DHPC. Fig. 3
shows the solid-state static 31P NMR spectra of hydrated MLVs in the
presence of [13C]-ECg at 40 °C (A), 30 °C (B), 20 °C (C), and 10 °C (D).
Solid-state 31P NMR measurements are useful for obtaining the
morphologic information of liposomes. If liposomes are broken into
small pieces, such as micelles and phospholipid monomers, by catechin
molecules, a sharp isotropic NMRpeak appears at 0 ppm in the 31P NMR
spectrum. However, in our static 31P NMR measurements, the peak
shapes showed an axially symmetric powder pattern, which is
characteristic of the liquid-crystalline lamellar phase, as characterized
by the two components of δ// and δ⊥, indicating that ECg did not lead to
the destruction of MLVs under these conditions. Recently, EGCg has
been reported to have the ability to burst single giant unilamellar
vesicles of egg phosphatidylcholine using phase-contrast ﬂuorescence
microscopy [39]. Since we conﬁrmed that ECg did not destroy the
phospholipid bilayers of theMLVs under the conditions in this study,we
carried out the next experiment (described below) using the intact
phospholipid bilayers interacting with ECg.
The powder pattern was observed at 20 °C (Fig. 3) despite being
below the Tm of DMPC at 24 °C [38]. It is in good agreement with theprevious report using differential scanning calorimetry that the
presence of galloyl-type catechins and resveratrol in DMPC bilayers
induced the decrease in their Tm [40,41].We presume that the presence
of ECg not only induced a decrease in the Tm of the MLVs but also
changed thedynamics of the lipid bilayers. The 31PNMR spectra showed
that liposomes with ECg were partially aligned to the applied magnetic
ﬁeld, and tended to form elongated vesicles because of the domination
of the δ⊥ component [42]. Furthermore, the 31P chemical shift
anisotropy of DMPC in the presence of catechin changed signiﬁcantly
to a smaller value as comparedwith that in the absence of catechin [16],
demonstrating that the interaction of galloyl-type catechins with the
lipid membranes exerts some inﬂuence on the dynamics and increases
the mobility around the phosphate group of phospholipids. Several
studies have reported that tea catechins located on the surface of
phospholipid bilayers and affected the motion of the head-group of the
phospholipid molecule [11,15,16,43]. The determination of detailed
location of tea catechins in the phospholipid bilayers would provide
direct evidence of motional changes in the head-group induced by the
presence of tea catechins. To elucidate the geometrical relationship
between tea catechins and phospholipids, wemeasured the interatomic
distance between the 13C in ECg and 31P in the phosphate group of the
lipid by REDOR experiments, as described in Section 3.3.
3.2. Solid-state 13C NMR measurements of [13C]-ECg in MLVs
Using solid-state 13C NMR spectroscopy, we examined the mobility
and dynamic behavior of ECg in DMPC bilayers, especially in the galloyl
moiety, which plays an important role in catechin–phospholipid
interaction [15]. Fig. 4 shows solid-state 13C NMR spectra of the
hydrated sample of MLVs with [13C]-ECg under the conditions of static
(A) and DD-MAS with a spinning frequency of 2 kHz (B) at 20 °C. In the
static measurement, the signal of [13C]-ECg carbonyl carbon showed an
axially symmetric powder pattern. This result indicates that ECg
molecules are present in the phospholipid membranes and rotate
about an axis tilted at a ﬁxed angle to the bilayer normal. Since the
Fig. 5. Solid-state 13C NMR spectra of [13C]-ECg (C=O) interacting with the MLVs in the
lyophilized system using CP-MAS with a spinning frequency of 2 kHz. The asterisks
indicate the signal from the carbonyl carbon of DMPC.
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estimated the tilt angle to be close to the magic angle (54.7°). In
addition, the chemical shift values of δ// and δ⊥ obtained from the power
pattern (Fig. 4A) were 167.16 and 165.12 ppm, respectively. Conse-
quently, the δiso value was calculated to be 165.80 ppm using Eq. (2).
δiso = δ== + 2δ⊥
 
= 3 ð2Þ
The calculated δiso value closely coincided with the experimental δiso
value of 165.77 ppm observed in the DD-MAS measurement (Fig. 4B),
indicating that [13C]-ECg had anisotropic motion in the lipid membranes.
To determine the principal values of the 13C chemical shift tensor in
the rigid state for the carbonyl carbon of [13C]-ECg interacting with the
liposomes, and to measure the interatomic distance between the
carbonyl carbon and the phosphorus of the phospholipid using REDOR,
we measured the 13C NMR spectra of the lyophilized powder sample of
the mixture of [13C]-ECg and MLVs using CP-MAS with a spinning
frequency of 2 kHz at 20 °C (Fig. 5). The isotropic chemical shift value
(δiso) of [13C]-ECg carbonyl carbon obtained from the lyophilized
powder sample was approximately the same as δiso of the carbonyl
carbon obtained from thehydrated sample. This result indicates that the
[13C]-ECg conformation is maintained in the dehydrated lipid bilayers.
Next, we determined the principal values of the 13C chemical shift
tensors of the carbonyl carbon by ﬁtting the chemical shift sideband
pattern in the CP-MAS experiments to the simulated spectrum [44]. The
result showed that the principal values, δ11, δ22, and δ33, were 251.9,
133.4, and 113.7 ppm, respectively. It has been reported that detailed
analyses of 13C chemical shift interactions of carbonyl carbon revealed
the interhelical angles of helical peptides bound to the lipid bilayers by
analyzing the 13C anisotropic and isotropic chemical shift [44,45]. Toraya
et al. investigated the dynamic structure of melittin, the peptide of
honeybee venom, bound to vesicles composed of 1,2-dilauroyl-sn-
glycero-3-phosphocholine (DLPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC). Thus, we were, in principle, able to clarify the
dynamic behavior of [13C]-ECg in theMLVs, byusing themotionalmodel
that it rotates about an axis tilting at a ﬁxed angle to the bilayer normal.Fig. 4. Solid-state 13C NMR spectra of [13C]-ECg (C=O) interacting with the MLVs under
(A) static and (B) DD-MAS (2 kHz) conditions in the hydrated dispersion system. The
asterisks indicate the signals from the carbonyl carbons of DMPC.Though itwasdifﬁcult todetermine the orientational angle of ECg in this
study, due to the lack of the parameters to select the unique ECg
structure in contrast to the case of melittin, which assumes anα-helical
structure with a determined orientation in membrane environments.
The previous study using solid-state 2H NMR spectroscopy shows that
the C–[2H] axis of [4-2H]-EGCg is tilted 48° to the rotary axis of [4-2H]-
EGCg in the oriented bicelles [17]. Even if this tilt angle could be
determinedusinga limiting factor to clarify the carbonyl orientation, the
value would provide a wide range of angles, and it would be difﬁcult to
derive information on the orientation of the carbonyl carbon of ECg in
phospholipid bilayers. To solve this problem, further measurements are
necessary using another 13C-labeled ECg incorporated somewhere in
the galloyl moiety.
3.3. 13C–31P REDOR experiments
Our previous NOESY study demonstrated that the galloylmoieties of
ECg and EGCg are located near the γ position of phospholipids [15]. We
obtained the site information of the interaction of tea catechins with
phospholipid membranes. However, details about their molecular
arrangement have not yet been determined. We focused on the precise
location of the galloyl moiety because this moiety plays a key role in the
interaction. Interatomic distance between the carbonyl carbon of the
ECg and the phosphorus of the phospholipidwasmeasured bymeans of
13C–31P REDOR using a lyophilized powder sample of DMPC liposomes
incorporated with [13C]-ECg. The 13C–31P interatomic distance was
obtained from the differences between full echo and 13C–31P REDOR
spectra in the function of NcTr values. The signals, including spinning
side bands, of the carbonyl carbon of [13C]-ECg were signiﬁcantly
decreased by REDOReffect as shown in Fig. 6A and B, indicating that this
carbon atom is located very close to the phosphorus of phospholipids.
The ΔS/S0 values obtained from the experiments and they were plotted
as shown in Fig. 6C, and the datawereﬁtted to theoretical REDORcurves
which were calculated using the effect of ﬁnite pulse length to
accurately obtain the interatomic distance [46]. The ﬁtted data revealed
that the intermolecular–interatomic distance between the carbonyl
carbon of the galloyl moiety and the phosphorus of the phospholipid
was 5.3±0.1 Å. In the presence of MLV liposomes, there are many
phosphorus atoms around the catechinmolecules located in the surface
of lipid membranes. Since the REDOR effect is inversely proportional to
r3 (where r is the interatomic distance), even a slight increase in
interatomic distance greatly reduces signal intensity. Thus, we consider
that the value obtained in this REDOR experiment reﬂects the distance
from the closest phosphorus atom to the [13C]-ECg carbonyl carbon
atom. In addition, this interatomic distance is in good agreement with
the results obtained from the NOESY experiment in the previous
solution NMR study. In that study, NOESY measurements, taken to
Fig. 6. Full echo (A) and 13C–31P REDOR (B) spectra of [13C]-ECg (C=O) in the MLVs with
MAS frequency of 4 kHz. The REDORspectrumwasobtained atNcTrof 10 ms. The asterisks
indicate the signal from the carbonyl carbon of DMPC. A plot of ΔS/S0 against NcTr values
ﬁtted to the theoretical curves indicated that the intermolecular–interatomic distancewas
5.3±0.1 Å.
Fig. 7. Schematic representation of the correlation between [13C]-ECg and phospholipid
in the 13C–31P REDOR experiment: Molecular arrangement image (A) and a prospective
three-dimensional view (B). Ball and Stick model illustrates one interacting ECg and
phospholipid set; Space Filling model illustrates other phospholipids.
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showed a correlation between the 2″/6″-H of the galloyl moiety and the
γ-H of the phospholipids. Accordingly, in combination with the results
of the NOESY and the REDOR measurements, it is concluded that the
galloyl moiety is oriented toward the γ-H.
Next, we investigated whether the ECg molecule induces structural
changes in phospholipids. Using the similar REDOR experiments, the
intramolecular–interatomic distances between the γ carbons and the
phosphorus of the phospholipidswere determined to be 4.6±0.2 Å and
4.5±0.2 Å in the presence and absence of ECg molecules, respectively
(see Fig. S1 in Supplementary data).Wehad originally expected that the
distance would change after the interaction with ECg. However, no
signiﬁcant difference in the distance was observed. The molar ratio of
phospholipid to ECg of 10:1 was used in this study. Even if the distance
between the γ carbons and the phosphorus of the phospholipids was
changed by the interaction, it is considered that the apparent signal
changingwas not observed due to the presence of phospholipids which
was not interacted with ECgmolecule, showing the similar intermolec-
ular–interatomic distances.
3.4. The molecular aspects of epicatechin gallate interacting with
phospholipid membranes
Fig. 7 shows a schematic representation of the interaction as a
molecular arrangement image and as a prospective three-dimensional
view.As discussed in Section3.3, the spatial interatomic distance between
the carbonyl carbon of the [13C]-ECg and the phosphorus of the
phospholipid was estimated by the REDOR experiments. Notably, this
intermolecular–interatomic distance was relatively close to that of the
intramolecular–interatomic distance between the γ carbons and the
phosphorus in the phospholipid. Based on this observation, we propose
that the galloyl moiety of ECg interacts with phospholipids in a short
distance. This is strongly supported by the NOESY experiments, which
show that the galloyl moiety is locatedwithin 5 Å of the γ position. Based
on our previous studies, hydrophobicity proves to be an important factorinvolved in catechin–phospholipid interaction and is a driving force for
inserting phospholipid bilayers. This is because the amount of catechin
molecules incorporated into liposomes was correlated with their
hydrophobicity, as revealed by partition coefﬁcients, logP and KIAM,
obtained from the PBS/n-octanol system [11] and from HPLC measure-
mentswithan immobilizedartiﬁcialmembranecolumn[14], respectively.
These results clearly indicate that the presence of the galloyl moiety
contributes to enhancement of the hydrophobicity and consequently to
the afﬁnity of catechins for phospholipid membranes. Another important
factor is the cation–π interaction of the B ring and galloyl moietywith the
quaternary amine of the phospholipid head-group. We have already
reported that the amount of ECg incorporated into the lipid bilayers
containing 10% phosphatidylserine with a net negative charge was
distinctly lower than that into the control liposomes containing 100%
phosphatidylcholinewithnonet charge.On theotherhand, theamountof
ECg incorporated into the lipid bilayers containing 10% stearyl aminewith
a net positive charge was similar to that incorporated into the control
liposomes [12]. These results suggest that the presence of the quaternary
amine, a cation, in the phosphatidylcholine is crucial for the interaction. In
addition, it has been already reported that cation–π interaction may
contribute to the stabilization of polyphenols and molecules in the
lipid/water interface of bilayers [47–49]. We hypothesize that the
stabilization of catechins in the phospholipid membranes is ascribed to
this interaction. In order for an efﬁcient interaction, theπ electron and the
cation should be geometrically approaching each other. The results of the
REDOR and previous NOESY measurements indicate that the galloyl ring
of ECg is located near the quaternary amine of the phospholipids;
therefore, the intermoleculardistance seems toﬁll the requirement for the
cation–π interaction. The binding energy of the cation–π interaction
between the benzene ring and quaternary amine is higher than that of
general hydrogen bonding [50,51]; therefore, cation–π interaction would
have an advantage over stabilization by formation of hydrogen bonding.
Furthermore, a hydrogen-bonding network in phospholipid membranes
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[52]. The catechin molecule in the membranes could affect the
thermodynamic stability of the hydrophilic region by disrupting the
hydrogen-bonding network, thereby causing a change in gel-to-liquid-
crystalline phase transition temperature of DMPC bilayers and the
dynamics around thephosphate groupof their phospholipids, as observed
by solid-state 31P NMRmeasurements.
To exert their physiological activities, it is important that catechins not
only possess high afﬁnity for phospholipidmembranes but are also stable
in thebilayers. Our previousNOESYexperiments suggested that theB ring
and the galloyl moiety of galloyl-type catechins in phospholipid
membranes become stacked by the π–π interaction between the rings.
We hypothesize that this π–π stacking is possible to evoke more potent
cation–π interaction and increase the stability of galloyl-type catechins
molecule in the membranes and plan the computer calculation to
ascertain this hypothesis. On this hypothesiswe suggest that the presence
of galloyl moiety of ECg and EGCg contributes the high afﬁnity for
phospholipid membranes owing to π–π and cation–π interactions,
resulting in the enhancement of their biological activities. We therefore
propose that the catechins interacting with the biological membranes
move randomly on their surface as lateral diffusion, andﬁnally either bind
to membrane-associated proteins, such as receptors, or pass through the
membrane into the cell. These experimental techniques and obtained
results will be extremely helpful for our next investigation of the
interaction of tea catechins and/or other polyphenols with the lipid
bilayers accommodatingnaturalmembrane compositionand raft domain.
4. Conclusion
The present solid-state 31P NMR experiments indicated that ECg
changed not only the Tm of theMLVs but also the dynamic behavior of the
lipid bilayers. In addition, it was demonstrated that the environment
around the phosphate group of phospholipids was altered in the
interaction by changes in the dynamics andmobility of the phospholipids.
The dynamic behavior of the ECgmoleculewas clariﬁed by solid-state 13C
NMR spectroscopy under the static conditions. The signal of the [13C]-ECg
carbonyl carbon was observed to show an axially symmetric powder
pattern, indicating that ECgmolecules rotate about anaxis tilting at aﬁxed
angle to the bilayer normal.
Next, using the REDOR method we determined the interatomic
distance between the carbonyl carbon of the galloyl moiety and the
phosphorus of the phospholipid to be 5.3±0.1 Å. We veriﬁed the
location of the galloyl moiety that plays an important role in the
catechin–phospholipid interaction. In addition, this measured distance
supports the result obtained fromour previousNOESY experiments. It is
demonstrated that galloyl-type catechins interact with the surface of
phospholipid membranes because the galloyl moiety is close to the γ
position and to thephosphate group.Moreover,wepropose that the key
interaction involved as a driving force for the insertion of the catechins
to the phospholipid bilayers is hydrophobic interaction, and cation–π
interaction contributes to the stabilization of the catechins in the
bilayers. We conclude that these catechins interact with the phospho-
lipid membranes, move randomly on their surface, and consequently
bind to membrane-associated proteins, such as receptors, or pass
through the membrane into the cell via channels or passive transport.
Acknowledgments
We thank Mr. Philip Hawke (University of Shizuoka) for his useful
comments on the manuscript. This work was supported by a Shizuoka
Prefecture Collaboration of Regional Entities for the Advancement of
Technological Excellence, Japan Science and Technology Agency, by
Research Fellowships of the Japan Society for the Promotion of Science
for Young Scientists, by a Grant-in-Aid, No. 21580148, for Scientiﬁc
Research and by the Global COE Program of the Ministry of Education,Culture, Sports, Science, and Technology of Japan, and by a Sasakawa
Scientiﬁc Research Grant from the Japan Science Society.Appendix A. Supplementary data
Supplementary data to this article can be found online at
doi:10.1016/j.bbamem.2011.02.014.References
[1] T. Yokozawa, E.J. Cho, Y. Hara, K. Kitani, Antioxidative activity of green tea treated
with radical initiator 2, 2'-azobis(2-amidinopropane) dihydrochloride, J. Agric.
Food Chem. 48 (2000) 5068–5073.
[2] K.E. Heim, A.R. Tagliaferro, D.J. Bobilya, Flavonoid antioxidants: chemistry,
metabolism and structure-activity relationships, J. Nutr. Biochem. 13 (2002)
572–584.
[3] N.P. Seeram, S.M. Henning, Y. Niu, R. Lee, H.S. Scheuller, D. Heber, Catechin and
caffeine content of green tea dietary supplements and correlation with
antioxidant capacity, J. Agric. Food Chem. 54 (2006) 1599–1603.
[4] K. Mabe, M. Yamada, I. Oguni, T. Takahashi, In vitro and in vivo activities of tea
catechins against Helicobacter pylori, Antimicrob. Agents Chemother. 43 (1999)
1788–1791.
[5] H. Gradisar, P. Pristovsek, A. Plaper, R. Jerala, Green tea catechins inhibit bacterial
DNA gyrase by interaction with its ATP binding site, J. Med. Chem. 50 (2007)
264–271.
[6] S. Uesato, Y. Kitagawa, M. Kamishimoto, A. Kumagai, H. Hori, H. Nagasawa,
Inhibition of green tea catechins against the growth of cancerous human colon
and hepatic epithelial cells, Cancer Lett. 170 (2001) 41–44.
[7] M. Friedman, B.E. Mackey, H.J. Kim, I.S. Lee, K.R. Lee, S.U. Lee, E. Kozukue, N.
Kozukue, Structure-activity relationships of tea compounds against human cancer
cells, J. Agric. Food Chem. 55 (2007) 243–253.
[8] I. Ikeda, Y. Imasato, E. Sasaki, M. Nakayama, H. Nagao, T. Takeo, F. Yayabe, M.
Sugano, Tea catechins decrease micellar solubility and intestinal absorption of
cholesterol in rats, Biochim. Biophys. Acta 1127 (1992) 141–146.
[9] M. Ueda, S. Nishiumi, H. Nagayasu, I. Fukuda, K. Yoshida, H. Ashida, Epigallocatechin
gallate promotes GLUT4 translocation in skeletal muscle, Biochem. Biophys. Res.
Commun. 377 (2008) 286–290.
[10] C.A. Elmets, D. Singh, K. Tubesing, M. Matsui, S. Katiyar, H. Mukhtar, Cutaneous
photoprotection from ultraviolet injury by green tea polyphenols, J. Am. Acad.
Dermatol. 44 (2001) 425–432.
[11] K. Kajiya, S. Kumazawa, T. Nakayama, Steric effects on interaction of tea catechins
with lipid bilayers, Biosci. Biotechnol. Biochem. 65 (2001) 2638–2643.
[12] K. Kajiya, S. Kumazawa, T. Nakayama, Effects of external factors on the interaction of tea
catechins with lipid bilayers, Biosci. Biotechnol. Biochem. 66 (2002) 2330–2335.
[13] M. Kamihira, H. Nakazawa, A. Kira, Y. Mizutani, M. Nakamura, T. Nakayama,
Interaction of tea catechins with lipid bilayers investigated by a quartz-crystal
microbalance analysis, Biosci. Biotechnol. Biochem. 72 (2008) 1372–1375.
[14] Y. Uekusa, Y. Takeshita, T. Ishii, T. Nakayama, Partition coefﬁcients of polyphenols
for phosphatidylcholine investigated by HPLC with an immobilized artiﬁcial
membrane column, Biosci. Biotechnol. Biochem. 72 (2008) 3289–3292.
[15] Y. Uekusa, M. Kamihira, T. Nakayama, Dynamic behavior of tea catechins interacting
with lipid membranes as determined by NMR spectroscopy, J. Agric. Food Chem. 55
(2007) 9986–9992.
[16] S. Kumazawa, K. Kajiya, A. Naito, H. Saitô, S. Tuzi, M. Tanio, M. Suzuki, F. Nanjo, E.
Suzuki, T. Nakayama, Direct evidence of interaction of a green tea polyphenol,
epigallocatechin gallate, with lipid bilayers by solid-state nuclear magnetic
resonance, Biosci. Biotechnol. Biochem. 68 (2004) 1743–1747.
[17] K. Kajiya, S. Kumazawa, A. Naito, T. Nakayama, Solid-state NMR analysis of the
orientation and dynamics of epigallocatechin gallate, a green tea polyphenol,
incorporated into lipid bilayers, Magn. Reson. Chem. 46 (2008) 174–177.
[18] H. Tachibana, K. Koga, Y. Fujimura, K. Yamada, A receptor for green tea polyphenol
EGCG, Nat. Struct. Mol. Biol. 11 (2004) 380–381.
[19] S. Chimon, M.A. Shaibat, C.R. Jones, D.C. Calero, B. Aizezi, Y. Ishii, Evidence of
ﬁbril-like β-sheet structures in a neurotoxic amyloid intermediate of Alzheimer's
β-amyloid, Nat. Struct. Mol. Biol. 14 (2007) 1157–1164.
[20] M. Hong, Structure, topology, and dynamics of membrane peptides and proteins
from solid-state NMR spectroscopy, J. Phys. Chem. B 111 (2007) 10340–10351.
[21] S. Sun, A. Siglin, J.C. Williams, T. Polenova, Solid-state and solution NMR studies of
the CAP-Gly domain of mammalian dynactin and its interaction with micro-
tubules, J. Am. Chem. Soc. 131 (2009) 10113–10126.
[22] J. Barry, M. Fritz, J.R. Brender, P.E. Smith, D.K. Lee, A. Ramamoorthy, Determining
the effects of lipophilic drugs on membrane structure by solid-state NMR
spectroscopy: the case of the antioxidant curcumin, J. Am. Chem. Soc. 131 (2009)
4490–4498.
[23] H. Saitô, I. Ando, A. Naito, Solid state NMR spectroscopy for biopolymers: principle
and application, Spiringer, 2006.
[24] A. Ramamoorthy, Beyond NMR spectra of antimicrobial peptides: dynamical images
at atomic resolution and functional insights, Solid StateNucl.Magn. Reson. 35 (2009)
201–207.
[25] J.S. Santos, D.K. Lee, A. Ramamoorthy, Effects of antidepressants on the conformation
of phospholipid headgroups studied by solid-state NMR, Magn. Reson. Chem. 42
(2004) 105–114.
1660 Y. Uekusa et al. / Biochimica et Biophysica Acta 1808 (2011) 1654–1660[26] T. Fukami, T. Ishii, T. Io, N. Suzuki, T. Suzuki, K. Yamamoto, J. Xu, A. Ramamoorthy,
K. Tomono, Nanoparticle processing in the solid state dramatically increases the
cell membrane permeation of a cholesterol-lowering drug, probucol, Mol. Pharm.
6 (2009) 1029–1035.
[27] T. Gullion, J. Schaefer, Rotatioanl-echo double-resonance NMR, J. Magn. Reson. 81
(1989) 196–200.
[28] S. Matsuoka, H. Ikeuchi, N. Matsumori, M. Murata, Dominant formation of a single-
length channel by amphotericin B in dimyristoylphosphatidylcholine membrane
evidenced by 13C–31P rotational echo double resonance, Biochemistry 44 (2005)
704–710.
[29] A. Naito, M. Kamihira, R. Inoue, H. Saitô, Structural diversity of amyloid ﬁbril
formed in human calcitonin as revealed by site-directed 13C solid-state NMR
spectroscopy, Magn. Reson. Chem. 42 (2004) 247–257.
[30] A. Naito, I. Kawamura, Solid-state NMR as a method to reveal structure and
membrane-interaction of amyloidogenic proteins and peptides, Biochim. Biophys.
Acta 1768 (2007) 1900–1912.
[31] S. Wi, N. Sinha, M. Hong, Long-range 1H–19F distance measurement in peptides by
solid-state NMR, J. Am. Chem. Soc. 126 (2004) 12754–12755.
[32] T. Asakura, H. Sato, F. Moro, Y. Nakazawa, A. Aoki, Lamellar structure in poly(ala-gly)
determined by solid-state NMR and statistical mechanical calculations, J. Am. Chem.
Soc. 129 (2007) 5703–5709.
[33] S.K. Kandasamy, D.K. Lee, R.P. Nanga, J. Xu, J.S. Santos, R.G. Larson, A. Ramamoorthy,
Solid-state NMR and molecular dynamics simulations reveal the oligomeric ion-
channels of TM2-GABAA stabilized by intermolecular hydrogen bonding, Biochim.
Biophys. Acta 1788 (2009) 686–695.
[34] I. Kawamura, N. Kihara, M. Ohmine, K. Nishimura, S. Tuzi, H. Saitô, A. Naito, Solid-
state NMR studies of two backbone conformations at Tyr185 as a function of retinal
conﬁgurations in the dark, light, and pressure adapted bacteriorhodopsins, J. Am.
Chem. Soc. 129 (2007) 1016–1017.
[35] I. Kawamura, M. Ohmine, J. Tanabe, S. Tuzi, H. Saitô, A. Naito, Dynamic aspects of
extracellular loop region as a proton release pathway of bacteriorhodopsin studied
by relaxation time measurements by solid state NMR, Biochim. Biophys. Acta 1768
(2007) 3090–3097.
[36] A.E. Bennett, C.M. Rienstra, M. Auger, K.V. Lakshmi, R.G. Grifﬁn, Heteronuclear
decoupling in rotating solids, J. Chem. Phys. 103 (1995) 6951–6958.
[37] T. Gullion, J. Schaefer, Elimination of resonance offset effects in rotational-echo double-
resonance NMR, J. Magn. Reson. 92 (1991) 439–442.
[38] G.W. Seto, S. Marwaha, D.M. Kobewka, R.N. Lewis, F. Separovic, R.N. McElhaney,
Interactions of the Australian tree frog antimicrobial peptides aurein 1.2, citropin 1.1andmaculatin 1.1 with lipidmodel membranes: differential scanning calorimetric and
Fourier transform infrared spectroscopic studies, Biochim. Biophys. Acta 1768 (2007)
2787–2800.
[39] Y. Tamba, S. Ohba, M. Kubota, H. Yoshioka, M. Yamazaki, Single GUV method
reveals interaction of tea catechin (−)-epigallocatechin gallate with lipid
membranes, Biophys. J. 92 (2007) 3178–3194.
[40] N. Caturla, E. Vera-Samper, J. Villalaín, C. Mateo, V. Micol, The relationship between the
antioxidant and the antibacterial properties of galloylated catechins and the structureof
phospholipid model membranes, Free Radic. Biol. Med. 34 (2003) 648–662.
[41] S. Fabris, F. Momo, G. Ravagnan, R. Stevanato, Antioxidant properties of resveratrol
and piceid on lipid peroxidation in micelles and monolamellar liposomes, Biophys.
Chem. 135 (2008) 76–83.
[42] S. Toraya, T. Nagao, K. Norisada, S. Tuzi, H. Saitô, S. Izumi, A. Naito, Morphological
behavior of lipid bilayers induced by melittin near the phase transition
temperature, Biophys. J. 89 (2005) 3214–3222.
[43] Y. Sun, W.C. Hung, F.Y. Chen, C.C. Lee, H.W. Huang, Interaction of tea catechin (−)-
epigallocatechin gallate with lipid bilayers, Biophys. J. 96 (2009) 1026–1035.
[44] S. Toraya, K. Nishimura, A. Naito, Dynamic structure of vesicle-bound melittin in a
variety of lipid chain lengths by solid-state NMR, Biophys. J. 87 (2004) 3323–3335.
[45] A. Naito, Structure elucidation of membrane-associated peptides and proteins in
oriented bilayers by solid-state NMR spectroscopy, Solid State Nucl. Magn. Reson. 36
(2009) 67–76.
[46] A.Naito, K. Nishimura, S. Kimura, S. Tuzi,M. Aida, N. Yasuoka, H. Saitô, Determination
of the three-dimensional structure of a new crystalline formofN-acetyl-Pro-Gly-Phe
as revealed by 13C REDOR, X-ray diffraction, and molecular dynamics calculation,
J. Phys. Chem. 100 (1996) 14995–15004.
[47] H.A. Scheidt, A. Pampel, L. Nissler, R. Gebhardt, D. Huster, Investigation of the
membrane localization and distribution of ﬂavonoids by high-resolution magic
angle spinning NMR spectroscopy, Biochim. Biophys. Acta 1663 (2004) 97–107.
[48] F.N. Petersen, M.O. Jensen, C.H. Nielsen, Interfacial tryptophan residues: a role for
the cation–π effect? Biophys. J. 89 (2005) 3985–3996.
[49] M.E. Weber, E.K. Elliott, G.W. Gokel, Activity of synthetic ion channels is
inﬂuenced by cation–π interactions with phospholipid headgroups, Org. Biomol.
Chem. 4 (2006) 83–89.
[50] D.A. Dougherty, Cation–π interactions in chemistry and biology: a new view of
benzene, Phe, Try, and Trp, Science 271 (1996) 163–168.
[51] J. Ma, D. Dougherty, The cation–π interaction, Chem. Rev. 97 (1997) 1303–1324.
[52] F. Ollila, K. Halling, P. Vuorela, H. Vuorela, J. Slotte, Characterization of ﬂavonoid–
biomembrane interactions, Arch. Biochem. Biophys. 399 (2002) 103–108.
